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Pleistocene lithostratigraphic units containing glacial sedi-
ments in the Red Lake Falls, Minnesota, area and adjacent areas were 
studied to determine their heavy-mineral assemolages. Seventy-two 
samples of fine sand'were studied by optical grain-count methods and 
77 samples of fine sand were studied by x-ray diffraction methods. 
Most formations contain a hornblende-garnet-pyroxene-epidote assem-
blage; the Gervais Formation contains a pyroxene-hornblende assem-
blage. The mean proportion of the constituent minerals is different 
in each formation; however, there is overlap in the ranges of heavy-
mineral proportions among the formations. The Red Lake Falls Forma-
tion can be subdivided on the basis of garnet abundance. 
vi.iL 
INTRODUCTION 
Heavy-mineral studies are useful in lithostratigraphy> providing 
that three conditions are met. (1) Each unit must have an internally 
consistent heavy-mineral assemblage. (2) The assemblage in each unit 
should be different from that of adjacent units. (3) Each assemblage 
should persist for a long distance laterally. Sitler (1968) found that 
these conditions were met in the glacial sediments of northeastern Ohio. 
Hobbs and Karner (1972) studied three till units near Red Lake 
Falls, Minnesota, and found that each unit had a slightly different 
heavy-mineral assemblage. The till of the Red Lake Falls Formation is 
higher in garnet than the till of the lluot Formation or that of the 
"Clearwater" (now called the Marcoux) Formation. However, the number 
of samples was too small to make any firm conclusions~ 
The purpose of this study is to determine more completely the 
heavy-mineral assemblage of several Pleistocene formations in the Red 
Lake Falls and adjacent areas (see Figure l, location map) and to 
determine whether heavy-mineral studies are useful in determining 
the lithostratigraphy in this region. 
Ken Harris, a fellow graduate student at the University of North 
Dakota, began a study of the glacial stratigraphy in the Red Lake Falls 
area at about the same time that I began my study .. We studied the out-
crops and collected samples together between Thief River Falls and Red 






Fig. 1.--General Location Map. 
Legend 
a. Red River of the North 
b. Grand Forks, North Dakota 
c. Thief River Falls, Minnesota 
d. Red Lake Falls, Minnesota 
e. Crookston, Minnesota 
f. Twin Valley, Minnesota 
g. Red Lake River 
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Falls and Crookston, Minnesota. The area along the Red Lake River 
betiveen Th~ef River falls and Crookston will be referred to as the 
Red Lake Falls area. 
Steve Moran of the North Dakota Geological Survey provided me 
with samples from a borehole near Grand Forks, North Dakota, and sam-
ples from two outcrops near Twin Valley, Minnesota. 
· All of the samples from the Red Lake Falls area were given a 
three-element designation, such as A-6-1. The first two elements 
indicate the outcrop; the third indicates the sample. All outcrops 
except outcrop C-2 were numbered from the bottom up. The samples 
from the Grand Forks Borehole were designated by depth; for example, 
sample 215 came from a depth of 215 feet. The samples from the Twin 
Valley area were given a three-element designation such as N-138-2. 
The first two elements represent the outcrop, and the third represents 
the sample. The samples were numbered from the bottom up. 
Because of the large amount of time required for heavy-mineral 
studies, I used samples only from selected outcrops in the Red Lake 
Falls area. The criteria for selection were that at least two forma-
tions must be exposed at the outcrop and that the selected outcrops 
should be about the same distance apart. 
Ix-rayed every sample from the Red Lake Falls area except 
those samples which did not yield a large enough heavy-mineral frac-
tion. I selected a smaller number of samples for the more laborious 
optLcal grain counting. Criteria for the selection of optical samples 
were that each formation must be represented by at least one sample 
and that thi.cker formations should be represented by two or more 
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equidistant samples. For example, i.f a unit is represented by five 
samples, the two even-numbered samples might be selected. 
CHAPTER I 
STRATIGRAPHIC SUMMARY 
The fo.llowing lithostratigraphic units (Harris, 1973) are 
exposed in the Red Lake Falls area. 
Gervais Formation 
The Gervais Formation is the lowest exposed stratigraphic unit 
in the area. Its age is unknown. It is exposed in only two outcrops, 
D-5 and D-11. It is silty and has been interpreted by Harris to be 
glacially reworked fluvial sediment. 
Marcoux Formation 
The Marcoux Formation contains a light gray, sandy till. 'rhe 
till has abundant boulders and cobbles, mostly igneous and metamor-
phic rocks. Harris believes that it overlies the Gervais Formation, 
but at outcrop D-11 the Marcoux is not exposed, and at outcrop D-5 
it contains only a half meter layer of till, overlain by a thick bed 
of sand and gravel which Harris assigned to the Red Lake Falls Forma-
tion. 
St. Hilaire Formation 
The St. Hilaire Formation contains a dark gray till and is 
only about a meter thick. Shale is a significant constituent of the 




Red Lake Falls Formation 
The Red Lake Falls Formation is the thickest and most extensively 
sampled unit in the Red Lake Falls area. The till of the Red Lake Falls 
Formation is gray where unweathered; it is darker gray than the Marcoux 
but lighter than the St. Hilaire. The upper 7 to 10 meters are gener-
ally oxidized to a buff color. 
At some outcrops, the Red Lake Falls Formation i.s. divisible into 
two units; at other outcrops it appears to be homogeneous. Where the 
formation is divisible, the samples were called upper or lower Red Lake 
Falls. Samples taken from other outcrops were labeled simply Red Lake 
Falls. 
Wyli.e Formation 
The Red Lake Falls Formation is overlain in places by a few feet 
of laminated silt and clay of the Wylie Formation. Only two samples 
were studied. 
Huot Formation 
The Huot Formation is composed of black pebbly clay. Only three 
samples were studied. Because the proportion of sand is so small in the 
Huot, samples A-6-9 and A-6-11 were combined and samples D-12-7 and 
D-12-9 were combined. 
CHAPTER II 
METHODS .AND CRITERIA FOR RECOGNIZING HEAVY MINERALS 
Optical Methods 
Introduction 
Heavy-mineral grains are defined as grains composed primarily of 
one crystal of a heavy mineral, generally recognized by uniform extinc-
tion. Twinned crystals are considered to be one crystal, but aggregates 
of crystals, even of the same mineral, are considered to be rock frag-
ments. Hematite grains, however, were counted as heavy mineral grains 
if they had an ev~n perimeter and seemed compact. This was done because 
many such grains are actually magnetite grains with a weathering rind of 
hematite. Loose aggregates of hematite were counted as rock fragments. 
Most heavy-mineral grains have some inclusions and alteration. 
Some grains can be confused with rock fragments. Altered grains were 
counted as mineral grains unless they were too badly altered to be 
recognizable. 
After processing (see Appendix B), grains in the heavy-mineral 
sample were counted using a petrographic microscope and a mechanical 
stage and point counter. For each slide, a 100-grain count was made 
to determine the proportion of heavy-mineral grains, light-mineral 
grains, and rock fragments in the sample. Light-mineral grains were 
recognized by their low relief and low 'birefringence. Heavy-mineral 
grains range from 13% to 60% of the total heavy-mineral sample, with 
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an average of' about 40%. Light-mineral grains range from 2% to 33%, 
with an average of about 10%. Rock fragments range from 34% to 85% 
with an average of about 50%. The precision and accuracy of the 
counting procedure is discussed in Appendix D. 
The criteria and problems of identification for each of the 
common heavy minerals are discussed below, in order of usual abun-
dance. 
Hornblende 
Hornblende is characterized by moderate relief, moderate bire-
fringence, and low extinction angle. Pleochroism is present, and gen-
erally prominent. Color ranges from straw yellow and brown through 
various shades of green to black. Black grains could only be recog-
nized as hornblende if they had a thin edge. 
Some grains, otherwise similar to hornblende, are lighter 
colored in plane-polarized light and have higher interference colors 
than typical hornblende. I called these grains actinolite. It was 
difficult to make this distinction consistently, and I was counting 
many more grains of actinolite at the end of my lab -work than at the 
beginning. For this reason, I used total amphibole rather than horn-
blende in computing optical mineral ratios. Tremolite also was pre-
sent in some slides, but only in very small amounts. 
Garnet 
Garnet is isotropic, lacks cleavage, and has very high relief. 
Of all minerals studied, garnet is least subject to misidentification. 
Very few grains are altered. 
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Epidote 
Epidote is characteristically greenish-yellow, lacks cleavage, 
and has high relief and high birefringence. It also has parallel 
extinction, but this property is not useful in detrital grains, because 
there is rarely any crystal structure or cleavage to which to compare 
the extinction. 
Although many grains are easily identifiable, there are also 
many doubtful grains. Many grains are highly altered or fractured or 
have many inclusions. These grains do not have uniform extinction, 
and it is hard to determine their birefringence. Other grains were 
oriented with optic axes perpendicular to the stage giving low inter-
ference colors. 
Staurolite differs from epidote by its browner color, lower 
relief, and lower birefringence. 
Pyroxene 
Pyroxene has high relief and jagged edges, caused by internal 
cleavage planes. Clinopyroxene has high birefringence (similar to 
Epidote), inclined extinction, and no pleochioism. Most clinopyroxene 
that I observed was colorless; various shades of green were less com-
monly seen. One variety, algirine-augite, is greenish-yellow. It is 
similar to epidote except that it has cleavage and inclined extinction. 
Not all pyroxene grains have visible cleavage, so I probably misidenti-
fied some algirine-augite as epidote. 
Orthopyro~ene can be differentiated from clinopyroxene by its 
low to medium birefringence and parallel extinction. Orthopyroxene 
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commonly has pink and green pleochroism, ranging from barely detectable 
to pronounced .. or less commonly, yellow and brown pleochioism. 
Magnetite 
Magnetite has a steel-gray luster in reflected light. A grain 
was considered to be a mineral grain rather than a rock fragment if 
it had an even perimeter and no light coming through at the edges. 
Many magnetite grains have a thin surface coating of hematite. If 
the entire surface was covered, I counted the grain as hematite. 
Some opaque, steel-gray grains have patches of white altera-
tion on the surface. I counted these grains as ilmenite. If more 
than half of the surface was white .. I counted the grain as lencoxene. 
Biotite 
Biotite and chlorite were of no importance in this study 
because many of the grains were lost in the washing process (described 
in Appendix B). I did not count biotite or chlorite on most of my 
slides. 
Tourmaline 
Tourmaline has strong pleochrosism and pi matic shape, like 
hornblende. It was distinguished from hornblende by its low relief, 
high birefringence, and parallel extinction. 
Certainty of Identification 
The important heavy minerals in order of decreasing certainty 
of identilication are: garnet, clinopyroxene, magnetite, hornblende, 
orthopyroxene, and epidote. Garnet is significantlymore certain than 
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clinopyroxene; epidote is significantly less certain than orthopyroxene. 
The other minerals show relatively little difference among them. 
X-Ray Method 
The only heavy minerals that could be consistently recognized 
on x-ray diffractograms were hornblende, pyroxene, and garnet. Each 
of the minerals produced several peaks. I chose representative peaks 
to measure that which had relatively little interference with adjacent 
peaks. 
I chose the hornblende peak at 10.7° (0.19 rod) 20 to measure. 
I used the mean of two peaks, at 30.0° (0.53 rod) 20 and 31.0° (0.55 
rod) 20, to represent pyroxene. Each of those two peaks is actually 
three closely spaced peaks, Augite, diopside, and w>ollastomte are 
represented by peaks at 30.0° (0.53 rod) 20; enstotite, hypersthene, 
and pigeonite are represented by peaks at 31.0° (0.55 rod) 20. Gar-
net (specifically almondite) is represented by a peak at 35.0° (0.62 
rod) 20. The actual peaks are often shifted as much as 0.1° (0.002 
rod) 20 to the left or right. 
Without measuring or calculating, it is possible to distinguish 
two formations from the others by their diffractograms. The Gervais 
Formation has exceptionally high pyroxene peaks; the upper Red Lake 
Falls Formation has exceptionally high garnet peaks. The other units 
are usually indistinguishable from each other. 
The height of each peak above the background was measured. The 
width of each peak was measured at half the height. The height and 
width were multiplied to give the approximate peak area. The peak 
areas were recalculated to a ratio with a total of 100, such as 50:30:20. 
The ratios are plotted in Figure 2. 
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The hornblende-garnet-pyroxene ratios are not ratios of absolute 
abundance. They trould be, if arid only if a slide of 100% hornblende pro-
duced a peak exactly as high as a slide of 100% garnet and a slide of 
100% pyroxene. I have never made such slides, because I know of no way 
to make a monomineralic slide with the same mix of varieties that are 
present in my heavy-mineral samples. However, the ratios obtained by 
x-ray methods are similar to those obtained by optical methods (compare 
Figures 2 and 4). 
CHAPTER UI 
SUMMARY, BY FORMATION OF CHARACTERISTIC HEAVY-
MINERAL ASSEMBLAGES 
Gervais Formation 
The Gervais Formation has a large amount of pyroxene, especially 
clinopyroxene (Table 1). Only the most pyroxene-poor sample could be 
plotted in Figure 4. The Gervais is also poor in garnet. This fonna-
tion can easily be distinguished by its proportions of amphibole, 
pyroxene, and garnet. 
Marcoux Formation 
Although the heavy-mineral content of the Marcoux Formation is 
relatively consistent except for garnet (see Table 1 and Figure 2), it 
is not strikingly different from that of the St. Hilaire and lower Red 
Lake Falls formations. The Marcoux Formation can be distinguished from 
those two units to some extent by its relatively high hornblende and 
low garnet content. Relative epidote content is higher and pyroxene 
content lower than in the lower Red Lake Falls and St. Hilaire forma-
tions (Figure 3), but there is some overlap~ Perhaps· the most char-
acteristic property of the Marcoux is the consistently low magnetite 
content (Table 1). 
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TABLE 1 
, STANDARD DEVIATION (S) AND COEFFICIENT OF VARIABILITY (S/M) OF THE 
PERCENTAGES OF IMPORTANT HEAVY MINERALS IN THE FINE SAND OF FIVE FOR..1'1ATI0NS 
Huot Gervais St. Hilaire Marcoux 
(N=3) (N=4) (N=l.3) (N=12) 
Mineral M M M s S/M M s S/M 
Amphibole 54.9 35.5 51.8 3.89 0.075 63.6 3.96 0.062 
Garnet 14.6 3.9 13. 5 3.16 0.234 8.4 4.05 0.482 
Epidote 8.5 5.8 9.2 2.36 0.256 9.0 2.54 
f,-1 
0,282 .i:--
Clinopyroxene 5.1 33.3 7.5 2.29 0.305 6.6 1.01 0.153 
Orthopyroxene 2.6 7.3 4.7 1.62 0.345 3.4 0.74 0,218 
Magnetite 9,2 4.7 5,4 l.41 0.261 3,7 0,52 0,141 
~ABLE 1--Continued 
Upper Red Lake Falls Lower Red Lake Falls Total (N=31) 
(N=7) (N=-10) Red Lake Falls 
Mineral M s S/M M s S/M M s 
Arnphibole 49.5 7.15 0.144 57.3 6.70 0.117 54.8 6.41 
Garnet 18.6 1. 78 0,096 11.3 3.42 0.297 14.7 5.01 
Epidote 5.5 1.91 0.347 8.3 1.81 0.218 7.1 2.72 
Clinopyroxene 6.7 1. 98 0.293 6.1 2.27 0.372 6.4 2.40 
Orthopyroxene 5.0 1.16 0.232 4.2 1.89 0.411 4.2 1.46 
Magnetite 7.9 1. 97 0.249 5.6 2.78 0.496 6.0 2.90 
Note: 
The means were calculated by dividing the total number of grains of a mineral from all 
samples by the total number of heavy-mineral grains from all samples of the sample formation. 
The standard deviations were calculated from deviations of percentages from the mean percentage. 
I divided the standard deviation by the mean to get what I .call the coefficient of 





















Fig. 2.--Hornblende:Pyroxene:Garnet Ratios Determined by 
X-ray Diffraction. 
Explanation 
..6.. Upper Red Lake Falls Formation 
~ Lower Red Lake Falls Formation 
~ Red Laka Falls Formation> undifferentiated 
-f-· Sand at the base of the Red Lake Falls Formation 
Q St. Hilaire :Formation 
EB Gervais Formation 









100 Epidote 50 
Fig. 3.--Magne.tite:Pyroxene:Epidate Ratios Determined by 
Optical Grain Counts. · 
X Wylie Formation 
X Huot Formation 
Explanation 
A. Upper Red Lake Falls Formation 
/;).. Lower Red Lake Falls Formation 
1~ Red Lake Falls Formation, undifferentiated . + Sand at the base of the Red Lake Falls Formation· 
()St.Hilaire Formation 
13 Marcoux Formation 
c:::1 Glacial Sediment below tne St. Hilaire Formation 





Fig. 4.--Amphibole:Pyroxene:Garnet Ratios Determined by 
Optical Grain Counts. 
Explanation 
.X Wylie Formation 
X Huot Formation 
.A. Upper Red Lake Falls Formation 
IJ::.. Lo~er Red Lake Falls Formation 
b.. Red Lake Falls Formation, undifferentiated + Sand at the base of the Red Lake Falls Formation 
(:)St.Hilaire Formation 
CJ Marcoux Formation 
EB Gervais Formation 
=::i Glacial Sediment below the St. Hilaire Formation in the 
Grand Forks borehole 
0 
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St. Hilaire Formation 
Most of the samples of the St. Hilaire Forma.ti.on are from Twin 
Valley, where the St. Hilaire is much thicker than in the Red Lake 
Falls area. Where the formation is thin, it is probably contaminated 
by much material from the Marcoux Formation. 
The garnet content is generally higher th.an that of the Marcoux 
or the lower Red Lake Falls but lower than that of the upper Red Lake 
Falls Formation (Table 1 and Figures 2 and 4)~ The hornblende content 
is lower than that of the Marcoux but about the same as in the lower 
Red Lake Falls. The pyroxene content of the St. Hilaire is slightly 
higher than that of the Marcoux or the Red Lake Falls, but this may be 
more apparent than real, because pyroxene seems to increase regionally 
to the southeast, and most of the samples of the St. Hilaire are from 
the southeast. 
Red Lake Falls Formation 
The Red Lake Falls Formation as a whole does not have any good 
distinguishing characteristics, because the internal differences are 
so great. It is generally higher in garnet than the }farcou~ or Gervais 
Formations. The upper Red Lake Falls Formation is richer in garnet than 
the lower Red Lake Falls (Figures 2 and 4). 
At outcrop B-1 and in the Grand Forks borehole there is little 
change in garnet from the lower to the upper member. It is possible 
that the contact has been misplaced at these sections. 
Wylie Formation 
Two samples from the Wylie Formation ~ere studied. Both samples 
showed abundant garnet, even more abundant than in the upper Red Lake 
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Falls Formation. Presumably much of the material of the 'Wylie ·was 
derived from the Red Lake Falls ionnation which is the surface for-
mation over much of the eastern watershed of Lake Agassiz. Presum-
ably, also, the heavy-mineral assemblage suffered some weathering 
in transit. 
Huot Formati.on 
Three samples of the Huot Formation were studied. The heavy-
mineral assemblage is similar fo that of the Red Lake Falls Formation. 
The garnet content is considerably lower than that of the Wylie Forma-
tion, which is presumably (Harris, 1973) the source for much of the 
material in the Huot. 
Sand Bed at the Base of the Red Lake Falls Formation 
The sand bed at the base of the Red Lake Falls at outcrop C-7 
is rich in magnetite and garnet and poor in hornblende (Figures 2, 3 
and 4). Because of its similarity to the Red Lake Falls heavy-mineral 
assemblage it is probably proglacial outwash from the ice advance that 
deposited the Red Lake Falls Formation. 
The sand bed at the same s~ratigraphic position at outcrop D-5 
is high in hornblende and very low in both magnetite and garnet (Fig-
ures 2, 3 and 4). I interpret it as outwash from the ice that deposited 
the Marcoux Formation because of the similarity in heavy-mineral assem-
blage. Both of these interpretations are necessarily tentative but are 
capable of being checked by some other method, such as coarse-sand 
lithology. 
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Unknown Lithostratigraphic Units 
The bottom three samples from the Grand Forks borehole 'Were 
tentatively labeled by Moran (1973) as "lower Marcoux11 (sample 262) 
and nupper Marcoux". (samples 225 and 215). The heavy-mineral assem-
blage is strikingly different from that of the Marcoux, however 
(Figure 3). All.three samples are higher in magnetite than the 
Marcoux. I believe that these three samples represent a different 
formation or formations than any of the others studied. 
Dolomite is relatively abundant· in the unkno'Wn unit, but 
this is not a defining characteristic, because all of the samples 
in the borehole are fairly high in dolomite. The local bedrock is 
dolostone (Moran, 1973) and the dolomite content gradually decreases 
upward in the borehole. 
CHAPTER IV 
CONCLUSION 
Relative Value of the Optical and X-rax Methods 
The optical method provides a fairly precise value for the amount 
of each of the common heavy minerals and some of the less common ones. 
From these values the mean and standard deviation of each common heavy 
mineral in each unit can be calculated. Ratios of amphibole-pyro~ene-
garnet and magnetite-pyroxene-epidote or other suitable ratios can be 
calculated. The x-ray method, however, provides only a hornblende-
pyroxene-garnet ratio. 
The x-ray technique is faster than the optical method, but it 
produces less information for each sample. For this reason, I discon-
tinued x-raying the samples after I had analyzed most of the samples 
from the Red Lake Falls area. None of the samples from Twin Valley or 
the Grand Forks borehole were x-rayed. 
Value of Hea~:7Y-Mineral Studies in Lithography 
The stratigraphy along the Red Lake River has been established 
by outcrop characteristics and texture (Harris~ 1973). The heavy-
mineral study did not materially change the stratigraphy but supported 
Harris's correlations. 
However, the heavy-mineral study resulted in interpretations 
that could not have been made using other methods. They are as follows: 
22 
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(1) The "upper and lower Marcoux" in the Grand Forks borehole are. not 
Marcoux but are some unknown unit or units. (2) The sand beds in out-
crops C-7 and D-5 are not correlative, but belong to the Red Lake Falls 
Formation and the Marcoux Formation, respectively. (3) The entire Red 
Lake Falls Formation at outcrops C-7 and D-11 are probably upper Red 
Lake Falls • 
. Heavy-mineral studies can be used as a supplementary method in 
correlating tills (texture and pebble lithology are the primary methods) 
and as the primary method of correlating sand bodies within glacial 
sequences. In areas where the texture and pebble lithology change con-
siderably within a unit over a short distance, a heavy-mineral studies 
might be used as a primary method. In the area studied, however, the 
heavy-mineral assemblages are not distinct enough to be used as the 




Weathering changes the composition of the heavy-mineral assem-
blage, increasing the proportion of the more resistant minerals such as 
garnet and decreasing the proportion of less resistent minerals such as 
pyroxene. _g!__ A weathering index can be calculated as follows: pG, 
where g is the percentage of garnet in the sample, pis the percentage 
of pyroxene in the sample, G is the mean percentage of garnet in the 
formation, and Pis the mean percentage of pyroxene in the formation. 
(Weathering indices are given in Appendix C> Basic Data). If the 
index is 1.0, the sample has been weathered as much as the average 
sample for that formation. If the index is less than 1.0, the sample 
has been weathered less than average; if the inde~ is more than 1.0> 
the sample has been weathered more than average. 
The weathering index based on the assumption that the dif-
ference in amount of garnet and pyro~ene in different samples is due 
solely to weathering. If this were true> the highest values should be 
at the surface, decreasing downwards. The top of each formation should 
have a higher index than the bottom. Actually, the weathering differ-
ences, if any, are obscured by other differences. For example, slides 
C-7-lA and C-7-lB are from a single sample. Their ~eathering indices 
are 1.9 and 1.3, respectively. More will be said about precision and 
accuracy in Appendix D. 
The weathering index also does not take into account regional 
changes in heavy-mineral assemblages. All but one of the samples 
from the Twin Valley area have weathering indices of less than 1.0> 
26 
and most of the samples from the Grand Forks borehole have indices of 
more than 1.0. The garnet proportion apparently increases to the north-
west. Nena Saloman (1972) found that garnet was more abundant in 
cial formations northwest of Grand Forks than in equivalent units I 
have studied. 
APPENDIX B 
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SAL~PLE PROCESSING METHODS 
The samples were sieved and the fine sand (0.125 to 0.250 mm) 
was removed for further processing. Each sand sample was washed in 
concentrated HCl for about 5 minutes to remove surface stains. Cal-
cite grains were dissolved, but dolomite grains survived. 
The samples were rinsed several times. Many grains of biotite 
and chlorite washed out with the rinsewater. The samples were then 
wet-sieved to get rid of the silt. About halfway through this study, 
wet-sieving was replaced by the more effective dry-sieving. 
Magnetite grains were removed with a hand magnet. The heavy 
mineral fraction was removed with a Franz magnetic separator set at 
0.8 A with a forward slope of 30° (0.54 rod) and a side slope of 15° 
(0.27 rod). After the first separation the heavy and the light frac-
tions were put through again. 
The heavy-mineral fraction (including the grains separated with 
the hand magnet) was divided with a sample splitter into two samples, 
one for optical grain counting and one for x-ray analysis. The optical 
sample was mounted on a petrographic slide with a drop of coedex and 
pressed down with a cover slip. 
Each x-ray sample was ground 5 minutes with mortar and pestle. 
The power was dusted on a glass cover slip glued to a cardboard disc. 
A drop of lacquer was spread on the disc before the power was dusted. 
The powder was pressed flat with a glass slide. 
The x-ray samples were run from 9° (0.16 rod) to 12° (0.21 rod) 
20 and from 25° (0.44 rod) to 38° (0.66 rod) 20 with Ni-filtered K-
alpha radiation. 
APPENDIX C 
TABLES OF BASIC DATA 
TABLE 2 
OUTCROP A-6 
St. Hilaire Lower Red Lake Falls Upper Red Lake Falls Huot 
Sample Number Sample Number Sample Number Sample Number 
A.:.6-7 
A-6-9, 
A-6-1 A-6-4 A-6-6 A-6-8 A-6-11 
Weathering Index 2.47 1.17 1.14 1,23 1.28 
Grains Counted 500 500 500 500 500 500 
Mineral Percenta~: 
Hornblende 51.2 57,0 55.6 51.8 52.6 55.0 
Garnet 18.6 13.6 14.0 19.2 20.0 10.2 
Epidote 5.2 7.4 6.2 6,0 3.6 11.8 
Clinopyroxene 3.4 6.0 5.0 5.2 5,2 5.6 
Orthopyroxene 3.4 4.4 6.0 4,6 4.6 2,4 w 
Magnetite 8.6 5.8 10.2 7,4 10.2 10.0 0 
Hematite 2.0 1. 6 1. 0 1.2 0.6 0.6 
Actinolite 1.0 
Staurolite 0,4 0.2 0.2 
Ilmenite 0.4 0.2 0,4 0.2 0,2 
Tourmaline 0.2 0,2 0.6 0.2 0,4 0.4 
Biotite 2.0 1.0 0,4 1.2 0.8 
Clorite 2.6 0.8 0.2 1.2 0.8 
Unknown and Others 2.0 1.8 0.8 1.4 2,6 
Mineral Ratios: 
Amphibole 67 70 69 63 64 75 
Pyroxene 9 13 14 12 12 11 
Garnet 24 17 17 24 24 18 
Magnetite 42 25 37 32 43 34 
Pyroxene 33 44 40 42 42 27 
Epidote 25 31 23 26 15 40 
Hornblende 43 51 30 
Pyroxene 17 18 26 
Garnet 39 31 43 
TABLE 3 
OUTCROP B-1 
Marcoux St. Hilaire Lower Red Lake Falls "Varves 11 Upper Red Lake Falls Wylie Huot 
---
Ssmple Number Sample Number Sample Number Sample Number Sample Number Sample Number Sample Number 
B-1-1 B-1-2 B-1-3 B-1-4 B-1-~ B-1-6 B-1-7 
W,;;athering Index 0,94 2.15 1. 75 1.11 
Grains Counted 500 500 500 500 500 500 500 
Mineral Fercentaaes: 
Hornblende 54.0 58,8 55,4 59.2 55.6 50.4 54,6 
Garnet 8.4 19,0 16.6 17.4 17.8 26,6 19,4 
Epidote 11.4 2,6 6.2 4.6 3.8 3.6 6.6 
Clinopyroicene 7,0 5,2 4.8 3.2 6.2 4,6 4.4 
Orthopyroxene 3.6 2,8 3.8 2.8 3.8 3,4 3.0 w 
Magnetite 4.4 4,8 7.6 7.0 8.8 7,4 7.0 
...... 
Hematite 2.0 1.4 2.2 2.0 1.4 1.6 1.6 
Actinolite 1.2 0.6 0.6 
Staurolite LO 0.6 0.2 0.2 0.6 0.2 0.6 
Ilmenite o.6 0.2 0.4 0.6 0.4 0.8 0.4 
Tourmaline 0,4 0.4 0.6 0.6 0,4 0.4 
Chlo rite 0,4 0,4 0.6 0.4 0.2 0.8 
Unknown and Others 3.0 2.8 1.6 1.8 0.6 0.8 1.2 
Mineral Ratios: 
Amphibole 74 69 69 72 67 59 67 
Pyroxene 14 9 11 7 12 9 9 
Garnet 11 22 20 21 21 31 24 
Magnetite 17 29 34 40 39 39 33 
Pyroxene 40 55 38 34 44 42 35 
Epidote 43 16 28 26 17 19 31 
Hornblende 69 48 43 
Pyroxene 22 21 17 
Garnet 9 32 30 
TABLE 4 
OUTCROP C-2 
Marcoux St. Hilaire Lower Red Lake Falls Upper Red Lake Falls 
-
Sample Number Sample Number Sample Number Sample Number 
C-2-19 C-2-17 C-2-13A C-2-13B C-2-23 c-2-10 C-2-8 c-2-6 C-2-4 C-2-2 
Weathering Index l. 7 .75 .61 1.04 • 73 .49 ,98 .84 1.15 1.37 
Grains Counted 500 500 500 500 500 500 500 500 500 500 
Mineral Percenta,S.!!: 
Hornblende 61.4 62.4 59.0 51.0 62.2 61.6 58.8 64.4 53.0 52.2 
Garnet 11.6 7.2 9.2 15.6 9.4 7.2 11.2 9.6 19,8 20.4 
Epidote 10.2 10.8 8.6 8.8 8.4 7,4 9,2 6.0 4,8 4,2 
Clinopyroxene 5,4 8.0 8.8 7.8 8.4 8.8 5,2 8.2 6,2 5.4 
Orthopyroxene 2.6 3.4 4.8 5.8 3.2 4.4 5,0 3,2 4.6 4.0 
I..;.) 
Magnetite 3.6 3,0 4,8 5.8 2.4 4.0 3.6 2.4 5.2 8.2 N 
Hematite .8 .2 1. 2 .8 .s .8 2.0 1.4 3.0 2.6 
Actinolite .6 1.6 .2 .• 8 .6 ,4 1.0 .8 .4 
Staurolite .4 ,4 .4 .8 1.2 .4 .6 ,2 .2 • 2 
Ilmenite .2 .2 .2 .6 ,2 .8 .4 
Tounnaline .2 ,2 .2 • 2 .2 .6 .6 .4 
Tre.'llolite . 2 .2 .4 • 2 • 6 .8 .2 .2 .8 
Chlorite .2 .2 .4 .4 .4 .8 .4 • 2 
Unknown and Others 2.4 2.0 1.8 2.0 2.8 2.4 2,2 1.8 1.0 1,8 
Mineral Ratios: 
Amphibole 76 78 72 64 76 75 74 76 64 64 
Pyroxene 10 14 17 17 14 16 13 13 13 11 
Garnet 14 9 11 19 11 9 14 11 23 24 
Magnetite 17 12 18 21 11 16 16 12 25 29 
Pyroxene 37 45 50 48 52 54 44 58 51 52 
Epidote 47 43 32 31 38 30 40 30 23 19 
Hornblende 53 50 57 56 47 34 
Pyroxene 33 39 29 28 23 21 
Garnet 15 12 14 21 30 4S 
TABLE 5 
OUTCROP C-7 
·Marcoux Red Lake Falls 
Sample Number Sample Number 
C-7-lA C-7-lll C-7-3 C-7-5 C-7-7 11 C-7-9 C-7-12 C-7-11, C-7-16 
Weathering Index 1. 9 1. 27 1.06 1.26 2,43 3,22 1.24 2.:n 
Grains Counted 500 500 500 500 500 500 500 500 500 
Mineral Percenta&es: 
Hornblende 63.8 63.0 67.2 62.4 44.4 50,6 47.0 51.6 54.8 
Garnet 12.2 10,0 8.2 11.0 15.8 23.6 20,6 17.6 25.0 
Epidote 6.0 7.6 7.6 7,6 13.2 5,0 3.6 7,0 3.6 
Clinopyroxene 5,2 6.0 5.8 5.8 5.4 3.8 3.4 5.8 4.6 
vrthopyroxene 2,4 3.4 3.4 4.6 3.8 3,2 3.0 4.4 3,2 
Magnetite 3.2 4.0 4.0 4.0 13.2 6.0 14.4 7.8 4.4 w 
Hematite 1. 6 1.8 ,6 .8 1. 2 1.2 2,6 1.6 0.6 w 
Actinolite 1.2 1.4 .4 1.2 0,4 0.6 1. 2 1. 6 1.4 
Staurolite 1.6 0.2 0.4 0,4 0.8 1.4 0,6 0.2 
Ilmenite 0.4 0.4 0.4 0.2 0,6 0.6 0.4 0.2 0.2 
Tourmaline 0.6 0,6 1. 0 0.6 0.4 0.4 
Tremolite Q.6 0.2 ,2 
Unknown and Others 3,0 2.2 1.2 1.2 1.2 3.6 1.8 1.2 1.6 
iUneral Ratios: 
Amphibole 77 77 79 75 64 63 64 66 63 
Pyroxene 9 11 11 12 13 9 9 13 9 
Garnet 14 12 10 13 23 2~ 27 22 28 . 
Magnetite 19 19 19 18 37 33 59 31 28 
Pyroxene 45 45 44 47 26 39 26 41 49 
Epidote 36 36 37 35 37 28 15 28 23 
Hornblende 65 65 71 41 49 41 46 43 
Pyroxene 18 22 19. 21 17 19 21 14 
Garnet 17 13 11 38 34 40 33 43 
--




Gervais Harcoux Red Lake Falls 
Sample Number S:imple Numbur Sample Numbur 
D-5-3 D-5-7 D-5-10 D-5-13a D-5-15a D-5-18 D-5-21 D-5-24 
Weathering Index 1.3 .83 • 55 ,41 .78 1.36 
Grains Counted 400 500 500 500 500 500 500 500 
Mineral Percenta~: 
Hornblende 35.5 40.8 67.8 66.8 68.4 63.4 55,9 55.4 
Garnet 5.3 3.6 4,6 3.4 .8 7,0 12,8 16.6 
Ep:l.dote 8.5 4.8 11. 2 10.4 10,8 10.8 8.6 7,0 
Clinopyroxene 25.8 31.2 7.6 8.4 9.8 8.2 7.6 4.6 
Orthopyroxene 8,0 6.0 2.4 3.2 5,0 4.2 4.2 4.2 w 
Magnetite 7.0 4.0 3.2 1,4 .6 1.6 4.0 4.8 .i::--
Hematite • 5 .8 1.2 .8 LO .2 1. 4 1.4 
Staurolite .6 .2 
Ilmenite .8 1.8 ,4 .2 ,4 1. 0 .8 
Sphene ,2 .6 .6 .2 
Tourmaline ,4 .4 ,2 .2 
Tremolite .3 
Biotite 1.8 2.2 .4 2.0 .8 1.2 2.2 2.6 
Chlorite 2,5 1,8 .6 ,8 ,6 ,4 .8 
Unknown and Others 1.5 3.0 .8 2.4 1.4 1.0 1. 8 1.6 
Mineral Ratios; · 
Amphibole 48 so 82 82 81 77 69 69 
Pyroxene 46 46 12 14 18 15 16 11 
Garnet 7 4 6 4 1 8 15 21 
Magnet;!.te 14 9 13 6 2 6 16 23 
Pyroxene 69 81 41 50 56 50 48 43 
Epidote 17 10 46 44 41 44 35 34 
---
asand and Gravel 
TABLE 7 
OUTCROPS D-11 AND E-1 
D-11 E-1 
Gervais Red Lake Falls ,1arcoux Red Lake Falls 
Sample Number Samp~e Number Sample Number Sample Number 
D-11-1 D-11-3 D-11-6 E-1.,-2 E-1-4 E-1-:6 E-1-8 
Weathering Index ,64 ,37 1,74 ,53 ,90 .29 1.18 
Grains Counted 250 200 500 500 500 500 500 
Mineral Percenta&es: 
Hornblende 32,4 23,0 61.8 70,4 60,4 59,4 62.6 
Garnet 3.6 2,5 19,8 4.6 7,4 5,0 14.4 
Epi<lote 4.8 4,0 2,0 6.6 12.2 11.0 4.6 
Clinopyroicene 40.6 48.5 4.2 6.6 7,4 9,0 4./; w 
Orthopyroicene 7.2 9.0 4,0 3.8 2,4 6.6 4.4 
V, 
Magnetite 4,4 2,5 3.6 4.0 3.4 '.3.0 2.4 
Hematite 2,0 2.5 • 2 1,0 .8 1.8 1.4 
Actinolite 0.8 ,2 0.2 1,6 1.0 0,2 
Staurolite 1.0 0.2 1.0 0.4 
!lmenitt! 0.8 1.0 0.4 0,2 
Tourmaline 0.2 0.2 0.2 0.4 1.4 
Tremolite 0.2 o.6 
Chlorite 2,4 4.0 1.8 0,2 0.8 0,8 0,6 
Unknown and Others 2,8 3.0 1. 4 2.0 2.2 1.4 2.6 
Miner al lta t ios : 
Amphibole 39 28 69 82 78 75 73 
Pyroxene 56 69 9 12 12 19 10 
Garnet 4 3 22 5 9 6 17 
Magnetite 8 4 26 23 13 10 15 
Pyroxene 83 90 59 38 39 53 54 
Epi<lote 8 6 14 38 48 37 31 
Hornblende 75 73 61 48 
Pyroxene 25 18 33 16 
Garnet 0 9 6 36 
TABLE 8 
TWIN VALLEY: OUTCROP N-135 
Marcoux St, Hilaire Red Lake Falls 
Sample Number Sample Number Sample Number 
N-135-1 N-135-2 N-135-3 N-135-4 N-135-5 N-135-6 
Weathering Index ,79 .at, .62 1. 25 .87 .38 
Grains Counted 500 500 418 435 167 500 
Mineral Percentages: 
Hornblende 58,8 58.8 49.5 48,0 44.9 54.6 
Garnet 7,4 7,8 11.5 15,2 16.2 8.4 w 
Epidote 14.2 10.8 8.9 12.4 9.6 12.0 O'\ 
Clinopyroxene 6.8 7,0 9,1 8.0 11.4 10.8 
Orthopyroxene 4,4 4.0 7.6 3.0 5,4 5.2 
Magnetite 3,0 4.6 4,5 5,7 5.4 4,2 
Hematite L 2 1.8 1.2 1.4 L8 1.4 
Actinolite .8 LO LO 0,5 L2 
Staurolite .6 1.0 0.5 0.7 0.6 LO 
Ilmenite 0.6 1.2 1.4 0.6 0.4 
Tourmaline 0,2 0.4 0.5 0.7 L 2 0.6 
Unknown and Others 2.6 2.2 4.5 3,0 1.8 1.6 
Mineral Ratios: 
Amphibole 76 76 64 65 58 69 
Pyroxene 14 14 21 15 21 20 
Garnet 9 10 15 20 20 11 
Magnetite 11 17 15 20 17 13 
Pyroxene 39 42 56 38 53 50 
Epidote 50 41 29 43 30 37 
TABLE 9 
TWIN VALLEY: OUTCROP N-l3B 
St, Hilaire Red Lake Falls 
Sample N\lll\ber Sample Number 
N-138-2 N-138-3 N-138-4 N-138-5 N-138-6 N-138-7 N-138-8 N-138-9 
Weathering Index .55 ,69 .66 .74 .so .49 .51 .33 
Grains Counted 500 446 370 435 500 500 500 500 
Mineral Pereenta.g_es: 
Hornblende 59,0 53.8 50.3 51. 7 48.4 52.4 51.8 55.4 
Garnet 9,4 11. 2 10.3 11.7 9.6 10,4 10.0 7.6 
Epidote 9.8 10.0 10.8 9.9 10,8 10.2 11.8 8.0 w 
Clinopyroxene 10.8 8.1 8.4 9.4 9.8 7.6 10.2 11. 6 -....J 
Orthopyroxene 4,6 6.5 5,7 4,8 7,4 7,6 4.0 5.8 
Magnetite 3,0 4.5 5.4 3.7 5.0 s.o 4.8 4.2 
o.6 0.7 0.8 0.9 1.4 1,0 1.6 1.6 
0,4 0.8 1.8 0.6 2.4 2.0 0.6 
Staurolite 0,6 0.8 0,2 1. 6 LO o.4 0.2 
Ilmenite 0,8 1.3 1.9 1.6 1.2 0.4 0.4 
Tourmaline 0,2 0.4 o.s o.s 0.6 0.8 0.2 0.4 
Sphene 0.2 o.s 0,2 0.2 0.2 0.4 
Leucoxene 0.8 o.s 1.2 0,6 0.2 0.6 
Unknown and Others 1.2 2.2 2,9 2,6 2.2 1,2 1.8 1.2 
Amphibole 70 68 68 67 65 68 69 70 
Pyroxene 18 18 19 18 22 19 18 21 
Garnet 11 14 14 15 13 13 13 9 
Magnetite 11 16 18 13 15 16 16 14 
Pyroxena 55 50 46 51 52 so 46 59 
Epidote 35 34 36 36 37 34 38 27 
TABLE 10 
GRAND FORXS BOREHOLE 
Unknown Till St. Hilaire Lower Red Lake Falls Upper Red Lake Falls 
-
Sample Number Sample Number Sample Number Sample Number 
262 225 215 194 189 183 178 136 131 
Weathering Index 3.66 1.83 2,84 1.85 ,56 • 67 
Grains Counted 500 500 500 500 500 500 500 397 500 
Mineral PercentaJ!!!: 
Hornblende 33.2 37.4 41.4 41.2 39.8 43.0 45,4 33.5 37.4 
Garnet 6.6 9.8 9.8 16.2 15.8 14. 6 13,6 14,9 17.6 
Epidote 7.0 7.0 7.4 9.6 10.8 10,4 10,4 8.6 8.2 L,J 
Clinopyroxene 2,6 4,2 3.6 3,4 4.8 2.4 3.2 10,6 9.1 CX) 
Orthopyroxene 1. 6 2.0 2,8 .6 3.0 2.2 3.4 6.0 7.4 
Magnetite 15.0 11.6 7,0 5.8 7.4 9,6 7,0 10.6 5.4 
Hematite 3,4 3,6 3,2 2.8 2,4 2.6 2.4 1.3 3.0 
Ac.tinolite 0,8 3, 4 4.4 3.0 3.2 2.4 2.8 2,3 3.0 
Staurolite 4.2 3,0 2,4 2.1 2.0 1. 0 LO 2.0 1.0 
Ilmenite 1. 4 0.6 0.8 2.2 0,6 1.2 1.2 1.3 0.6 
Tourmaline 1.4 1,0 0.6 1.4 0.8 1,2 0.8 0.5 0,2 
Tremolite 0.2 0.2 
Dolomite 22,0 14,6 14.8 7.8 6.4 8.2 6.0 5.8 4.6 
Leucoxene • 2 .4 .8 1.6 1.4 ,2 1.2 .3 
Unknown and Others 0.6 1. 2 2.0 2.1 1.6 1. 2 1.4 2.6 2.4 
Mineral Ratios: 
Amphibok 76 72 73 69 64 70 70 53 54 
Pyroxene 9 11 11 6 12 7 10 25 22 
Garnet 15 17 16 25 24 23 20 22 24 
Magnetite 57 47 34 30 28 39 29 30 18 
Pyroxene 16 25 31 21 30 19 28 46 55 
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PRECISION Al'ID ACCURACY OF THE OPTICAL GRAIN COUNT METHOD 
Precision 
I recounted three slides as a test for reproducibility. Each 
slide was recounted twice, once forwards and once backwards. (When I 
count a slide forwards, I start at the perceived bottom side and count 
rows back and forth until I reach the top of the slide, unless I reach 
500 grains before then). All of the slides that I recounted had more 
than 500 grains. On slides N-138 #2 and E-1-4 I started the forwards 
recount in the middle of the slide. 
As can be seen from Table 1, the slides A-6-7 and E-1-4 were 
fairly consistent through three countings, but slide N-138 #2 has major 
discrepancies. The explanation may be this: slides E-1-4 and A-6-7 
had only about seven or eight hundred mineral grains on them, so most 
of the grains were counted twice or all three times. Slide N-138 #2, 
however, had about twice that number, and each count was in a differ-
ent area of the slide. Distribution of grains on a slide is nonuniformi 
as I have observed all through the counting procedure. Thus, for exam-
ple, there was a high concentration of hornblende at the bottom of slidE 
N-138 #2 and a low concentration in the middle. The solution to this 
problem is that a sample should be split down to the minimum necessary 
to ensure that there are 500 heavy-mineral grains on each slide. Even 
splitting may introduce some bias; for example, slides C-7-lA and C-7-11 
mentioned in Appendix A, were split from the same sample. 
Slide A-6-7 provides a good ezample of how my criteria for recoE 
nizing hematite and actinolite have drifted. When I made the original 
42 
TABLE 12 
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count I considered most hematite grains to be rock fragments and most 
actinolite grains to be hornblende. 
In general, based on the recounted slides, the average deviation 
of measurements from the mean is about 10% of the amount present. Some 
of the minerals show greater precision and some show less--in general, 
the less common minerals show less precision. 
This precision is adequate to distinguish the upper Red Lake 
Falls and the Gervais formations from the other glacial units. However, 
the lower Red Lake Falls, the St. Hilaire, and the Marcoux Formations 
are so simil~r to each other in heavy-mineral composition that they can-
not reliably be distinguished from one another solely on the basis of 
their heavy-mineral composition. 
Accuracy 
The accuracy of the heavy-mineral grain count method cannot be 
measured, because there is no more accurate method to compare it to. 
However, the optical grain-count and the x-ray diffraction methods 
give similar results. The optical grain-count method is also inter-
nally consistent in that samples tend to group together by formation 
on the triangular diagrams. The grouping is not perfect, and there 
is considerable overlap, but it is present. 
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T-wo hundred-forty samples (of which fifty-five contained micro-
fossils) were collected from six measured sections in the Cannonball 
Formation (Paleocene, Danian) in Grant, Morton and Oliver Counties, 
North Dakota. Twenty-six species of benthonic foraminiferids were 
identified from these samples: 6 textulariines, 2 miliolines and 18 
rotaliines. No planktonic foraminiferids were found. The fauna is 
characterized by a predominance of individuals of textulariinest espe-
cially the lituolids. Although the Cannonball Formation is charncter-
ized by an alternating sequence of sandstones and mudstones, the 
foraminiferid fauna was restricted to the mudstone facies in the 
upper and upper-middle part of the formation. Two charac teri.stic 
assemblages based oa dominant families and genera are recognized, 
the lituolid (dominantly arenaceous) and nodosariid (dominantly cal-
careous) assemblages. R-mode cluster analysis shows three distinct 
clusters of species: one corresponds to the lituolid assemblage, 
another corresponds to the nodosariid assemblage, and the third is 
composed of species that are represented only rarely in the fora-
miniferid fauna. The Q-mode cluster analysis shm1s a high level of 
correlation between two lithologic units in two widely separ~tad 
stratigraphic sections; other foraminiferid correlations were not 
1 
possible because of the sparse occurrence of foraminiferids in other 
stratigraphic sections. 
The two assemblages, the dominance of arenaceous forms, the 
absence of planktonic forms and the occurrence of the microfauna in 
the mudstone facies, suggests nearshore, shallow (less than 100 m), 
posslbly cooler, protected environments such as shallow bays behind 
'\ 
barriet islands. The dominance of textulariines in the sediments is 
indicative of lower than normal marine salinity. 
2 
